, and that both ions are able to displace PO 4 3-from adsorption sites at low pH. Two 8 models, the diffuse layer model (DLM) and the CD-MUSIC model (CDM) were 9 tested in an effort to describe the data. In both models, the adsorption of MoO 4 2-and 10 WO 4 2-could be described with the use of two monodentate complexes. One of these 11 was a fully protonated complex, equivalent to adsorbed molybdic or tungstic acid, 12 which was required to fit the data at low pH. This was found to be the case also for a 13 data set with goethite. In competitive systems with PO 4 3-
Introduction 22 23
Molybdenum is an essential trace element for both plants and animals. 24
Molybdenum deficiency has often been reported, but at large concentrations Mo may 25 be toxic as it leads to secondary Cu deficiency (e.g. Murphy and Walsh, 1972; 1 Vunkova-Radeva et al., 1988) . Of particular concern is the release of Mo from 2 alkaline ashes when used as secondary materials (Jacks, 1983; Meima et al., 2002) . 3
Tungsten is an important strategic metal that is used in a variety of industrial 4 applications. It is usually mined from deposits of scheelite (CaWO 4 ), and wolframite 5 (Fe,Mn)WO 4 . Tungsten is released to the environment, e.g. through its use in winter 6 tires. The biogeochemical behaviour of W is poorly known. However, it is known that 7 the WO 4 2-ion has an antagonistic effect on the metabolism of MoO 4 2- (Mikkonen and 8 Tummavuori, 1993) . , and their derivatives. From equilibrium modelling it can be predicted that 12 the fully dissociated MoO 4 2-and WO 4 2-ions predominate over the non-dissociated 13 forms at pH > 4.4 in dilute waters (Cruywagen, 2000 , Smith et al., 2001 ). At pH < 14 4.4, the ions will protonate to form the acids MoO 3 (H 2 O) 3 and WO 3 (H 2 O) 3 , in which 15
Mo and W coordinate six oxygens instead of four. At large concentrations (> 1-10 16 µM), Mo and W polymerise to a variety of different polymolybdate / tungstate forms, 17 particularly at low pH (Cruywagen, 2000) . In solution, a wide range of complexes 18 with organic acids has been reported (e.g. Cruywagen et al., 1995) . 19 20 The geochemical behaviour of MoO 4 2-and WO 4 2-in the environment is probably 21 dependent to a large extent on adsorption reactions to particle surfaces. In soils, it is 22 found that these ions were bound most strongly at low pH (Mikkonen and 23 Tummavuori, 1993; 1994; Bibak and Borggaard, 1994) . 24 complex at low pH (Ti 2 O 2 MoO 2 ) and by a monodentate complex (TiMoO 3 ) at high 1 pH. In line with this, Rietra et al. (1999) suggested a bidentate complex (Fe 2 O 2 MoO 2 ) 2 to dominate the speciation of adsorbed Mo to goethite, as judged from measurements 3 of the proton coadsorption stoichiometry at pH 4.2 and pH 6.1. 4
5
The objectives of this study were to supply data on the adsorption of MoO 4 2-and 6 WO 4 2-to 2-line ferrihydrite at different pHs and surface coverages, to discuss the 7 effect of competing PO 4 3-ions, and to apply two surface complexation models (DLM 8 and CD-MUSIC) in an effort to describe the data obtained. To my knowledge, this is 9 the first time the adsorption of WO 4 2-to ferrihydrite has been studied in this manner. 10
For the DLM, it was hypothesized that the constants previously estimated from LFER 11 could describe the data accurately. 12 13
Methods 14 15

Laboratory procedures 16
Ferrihydrite was synthesized using a method adapted from Swedlund and Webster 17 (1999) and Schwertmann and Cornell (2000) . Briefly, a solution containing 36 mM 18 Fe(NO 3 ) 3 and 12 mM NaNO 3 was brought to pH 8.0 through dropwise addition of 4 19 M NaOH. The resulting suspension was aged for 18-22 h at 20 o C. This procedure has 20 been shown to produce 2-line ferrihydrite with a BET(N 2 ) surface area in the range of 21 200-320 m 2 g -1 (Swedlund and Webster, 1999; Schwertmann and Cornell, 2000) . 22
However, the exact value is strongly dependent on the outgassing conditions, which 23 are seldom reported (Clausen and Fabricius, 2000) . Moreover it is believed that the 24 BET(N 2 ) method underestimates the real surface area of ferrihydrite considerably, 25 probably because of aggregation of nanoparticles, which makes part if the surface 1 inaccessible to the N 2 sorbate (Dzombak and Morel, 1990; Schwertmann and Cornell, 2 2000) . For these reasons, BET surface areas are of limited interest for the 3 characterization of 2-line ferrihydrite and they can probably not be used for modelling 4 purposes. Hence they were not measured. Instead, surface areas of 600 and 750 m 2 g -1 5
was assumed for the 2-pK DLM (Dzombak and Morel, 1990; Swedlund and Webster, 6 1999) and for the 1-pK CDM (Gustafsson, 2001) , respectively, see below. These areas 7 are in better agreement with the surface area inferred from theoretical grounds 8 (Dzombak and Morel, 1990; Schwertmann and Cornell, 2000) . 9
10
Before the batch experiments, the ferrihydrite suspension was back-titrated to pH 11 4.6 with 0.1 M HNO 3 and vigorously shaken for 15 min. Batch experiment 12 suspensions was prepared by mixing an amount of ferrihydrite suspension with stock 13 solutions of NaNO 3 and the appropriate anion salt (as Na 2 MoO 4 , Na 2 WO 4 or 14 NaH 2 PO 4 ), to obtain suspensions with an ionic strength of 0.01 M (as NaNO 3 ). 15
Various amounts of acid (as HNO 3 ) or base (as NaOH) was added to produce a range 16 of pHs. In the single-sorbate systems, only one anion (except After 24 h equilibration in a shaking water bath at 25 o C, the samples were 1 centrifuged for 30 min at about 5000g, and filtered using 0.2-µm single-use filters 2 (Acrodisc PF). The pH was measured on the unfiltered sample, using a Radiometer 3 combination electrode. The filtered suspension was acidified (0.5 % HNO 3 ) and 4 analysed for W, Mo and P with plasma emission spectroscopy using a Jobin-Yvon 5 JY24 ICP instrument. Preliminary experiments with WO 4 2-spikes in acidified 6 solutions in polypropylene containers showed that the WO 4 2-concentration started to 7 decrease after a few days, probably because of the formation of an insoluble surface 8 phase on the container walls. To avoid this, analysis was carried out within 24 h of 9 filtration, to avoid the risk for WO 4 2-loss from solution due to its slow adsorption to 10 the container walls. 11 12
Modelling 13
The surface complexation models used were the 2-pK DLM (according to Dzombak 14 and Morel, 1990) , and the 1-pK CDM with the Three-Plane interface model (Hiemstra 15 and Van Riemsdijk, 1996; 1999 
Here X is Mo or W, whereas K 1 and K 2 are equilibrium constants. For Mo, log K 1 9 and log K 2 were set to 4.24 and 8.24, respectively, using the most recent NIST 10 reference database values (Smith et al., 2001 ). For W, I used log K 1 = 3.62 11 (Wesolowski et al., 1984) whereas log K 2 = 8.7 was estimated from extrapolation of 12 data obtained by Wood and Samson (2001) to room temperature. The model fits was 13 not sensitive to the exact value of these constants, as most data were collected at pH > 14 5. Polymeric Mo and W species were considered using the 1 M constants compiled by 15
Cruywagen (2000), which had been extrapolated to 0 M ionic strength using the 16 Davies equation. However, the polymeric species were found to be insignificant in 17 this study. required by the 1-pK CDM. In addition, the constants of multidentate surface species 5 were redefined on a mole fraction basis (Hiemstra and Van Riemsdijk, 1996) . 6
Obtained equilibrium constants were averaged using the weighting method of 7 Dzombak and Morel (1990) , in which the weighting factor w i is defined as 8
where (σ log K ) i is the standard deviation of log K calculated by FITEQL for the i th 11 data set. The best estimate for log K is then calculated as: 12 
Single-sorbate systems 20
A detailed account of the results obtained can be found in Table 3 . Molybdate 21 adsorption was strongly pH-dependent ( Fig. 1, Table 3 ), which is consistent with 22 earlier studies. Even at the highest surface coverage (0.3 mM Fe), almost 100 % was 1 adsorbed at low pH, whereas little Mo adsorption occurred at pH > 9 at all surface 2 coverages. For MoO 4 2-, there was considerable scatter in the adsorption envelopes. It 3 is possible that errors in pH measurements may in part explain this, as most pH values 4 were in the circumneutral region (pH 6-8), where the ferrihydrite suspensions were 5 extremely poorly buffered. 6 7 Tungstate adsorption was also strongly pH-dependent (Fig. 2, Table 3 ). At low 8 surface coverage, the adsorption envelopes were shifted almost 2 pH units upwards 9
compared with molybdate, which shows that WO 4 2-was adsorbed much more 10 strongly than MoO 4 2-to ferrihydrite. The higher pH probably explains the smaller 11 degree of scatter in the WO 4 2-adsorption envelopes. 12 13 When Dzombak and Morel's DLM constants for MoO 4 2-(as estimated by LFER) 14 were used (Table 1) , I found that the adsorption of MoO 4 2-was underestimated 15 slightly at the two lower surface coverages (Fig. 1, dotted lines) . At the highest 16 surface coverage, the constants were quite unable to describe the near 100 % 17 adsorption occurring at low pH. To improve the DLM description of MoO 4 2-binding, 18 a fully protonated species D1 had to be included in the model; this is referred to as 19 FeOMo(OH) 5 in Table 1 , and may be thought of as adsorbed molybdic acid. The 20 FITEQL optimisation led to reasonable results either with a combination of species 21 D1 and D3, or with a combination of species D1 and D2. Of these combinations, the 22 former was chosen because a slightly better fit was obtained. Table 4 shows the 23 optimisation results and the solid line of Fig. 1 (Fig. 2) . Again, I used a combination of two 2 surface species (D4 and D6) in the FITEQL optimisations, and was able to produce a 3 good fit to the results, with SOS/DF values of < 10 for all three systems (Table 4) o-plane) for a XO 4 2-bidentate complex is 0.5, whereas it is 0.25 for a monodentate 10 complex, in line with the optimal values discussed by Rietra et al. (1999) . This results 11 in the stoichiometry of the electrostatic components P o and P b shown in Table 2 provide satisfactory fits to the data, either alone or in combination with a monodentate 14 complex. However, very poor fits were obtained, particularly in the absence of the 15 fully protonated monodentate complexes C1 and C3 (Table 2) , which were found to 16 be necessary to describe the low pH data. In fact, it was found that the best fits were 17 obtained when the bidentate complexes were left out completely from the 18 optimisation. Instead it was found that a combination of the monodentate C1 and C2 19 complexes provided reasonable fits to the MoO 4 2-data (Table 5) poor fit (Fig. 3) . The only available data set amenable to the extraction of 25 complexation constants by FITEQL was the one at 1 mM Fe, as almost all data at 3 1 mM Fe showed 100 % adsorption (Table 3) . For the purpose of predicting P 2 competition effects on the adsorption of Mo and W, new constants were optimised 3 (Tables 4 and 5 ), resulting in the fits shown in Fig. 3 . Since I used an unrealistically 4 large CD value for the monodentate C5 complex in my previous work (Gustafsson, 5 2001) , it was decreased to 0.3 in this study, which would be the case if the charge of 6 the surface oxygen in the complex is fully neutralized. In FITEQL, rather large 7 standard deviations were obtained for the optimised PO 4 3-surface complexation 8 constants (Tables 4 and 5 ) . This indicates that the complexation constants were not 9 fully constrained from this data set and therefore they should be regarded as crude 10 estimates. 11 12
Competitive interactions 13
In the presence of 200 µM added PO 4 3-, the MoO 4 2-adsorption envelope was 14 shifted almost 2 pH units to the left on the pH scale (Fig. 4) In general, the DLM complexes suggested here are consistent with the CCM 6 complexes for goethite that were proposed by Goldberg and colleagues (Goldberg et 7 al., 1996; Manning and Goldberg, 1996) , although they used a combination of the D1 8 and D2 complexes. However, the DLM constants that were predicted by Dzombak 9
and Morel (1990) (Fig. 7) . Hiemstra and Van 22 Riemsdijk (1999) derived surface parameters and AsO 4 3-constants for the application 23 of CDM to this system. I found that MoO 4 2-adsorption could be described rather well 24 if the log K:s of the C1 and C2 complexes were slightly modified (to 17 and 12, 25 respectively, see Fig. 7 ). Despite the smaller value of log K C1 , the C1 complex had to 1 be included to simulate the AsO 4 3-competition in Fig. 7 2-adsorption to goethite could not be accurately reproduced at pH 4.2, although it 8 was closer to the observations at pH 6.1. Whereas the measured proton stoichiometry 9 was ~ 1.24 at pH 4.2 after the addition of 0.8 mM Na 2 MoO 4 , the simulated 10 stoichiometry with my model was 1.08. For pH 6.1, the figures were 1.42 and 1.33, 11
respectively. Possibly, the discrepancy may, after all, be explained if the Fe 2 O 2 MoO 2 12 complex is present as an additional complex that is of some importance at low pH. Table 2 Table of species for adsorption reactions in the CDM, and values of log K int a . b Fixed at this value to achieve convergence. b Fixed at this value to achieve convergence. The data are from Manning and Goldberg (1996) . The lines are CDM fits using log K C1 = 17 and log K C2 = 12, see text. 
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